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Introduction {#s0005}
============

In December 2019, an outbreak of pneumonia due to coronavirus disease 2019 (COVID-19) was initially detected in Wuhan, China \[[@bb0005]\], due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It has now spread globally *via* travelers and breached the boundaries of 213 countries and territories, leading to more than 12 million infection cases and 553,000 deaths as of July 7, 2020. In the past two decades, there have been three major zoonotic disease outbreaks of betacoronaviruses: SARS-CoV in 2002, Middle East respiratory syndrome coronavirus in 2012, and SARS-CoV-2 in 2019. Similar to SARS-CoV and Middle East respiratory syndrome coronavirus, SARS-CoV-2 infections were observed in hospital personnel and family clusters in the early stages of the outbreak \[[@bb0010], [@bb0015], [@bb0020]\]. SARS-CoV-2 is an enveloped non-segmented positive-sense RNA virus and belongs to the betacoronavirus genus. Although intensive investigation, the origin of SARS-CoV-2 remains elusive. Unfortunately, there are no specific antivirus drugs or effective vaccines developed to moderate this outbreak at present.

SARS-CoV-2 has undergone more than 10,000 recorded single mutations compared to the reference genome collected on January 5, 2020 \[[@bb0025],[@bb0030]\]. In general, RNA viruses, except for Nidoviruses, are prone to random mutations because of the lack of the exonuclease proofreading activity of the virus-encoded RNA polymerases, RNA viruses. Nidoviruses, including coronaviruses, have an enzyme to excise erroneous mutagenic nucleotides inserted by RNA polymerases and thus maintain a relatively high accuracy in virus replication and transcription \[[@bb0035]\]. Human immune system intervention introduces viral mutations. Rapid global spread and transmission of COVID-19 provides the virus with substantial opportunities for the natural selection of rare-acted but favorable mutations. Although most viral mutations are benign, many mutations, such as D614G on the spike (S) protein, strengthen viral survival capability \[[@bb0040],[@bb0045]\]. It is of paramount importance to understand SARS-CoV-2 infectivity changes following the existing mutations and predict the future infection tendency.

It is well known that like SARS-CoV, SARS-CoV-2 enters host cells through the interaction of spike glycoprotein (S protein) and host angiotensin-converting enzyme 2 (ACE2) receptor \[[@bb0050], [@bb0055], [@bb0060]\]. In both SARS-CoV and SARS-CoV-2, the S protein receptor-binding domain (RBD) is recognized as on the S1 unit to bind directly to the ACE2. Compared to SARS-CoV, SARS-CoV-2 S protein harbors a furin cleavage site at the boundary between the S1/S2 subunits \[[@bb0030]\]. However, lessons learned from SARS-CoV are important in formulating hypotheses about SARS-CoV-2, as well as the receptor recognition when studying SARS-CoV-2 host range, cross-species transmission, and pathogenesis. In the studies of SARS-CoV, epidemiologic and biochemical studies show that the infectivity of different SARS-CoV strains in host cells is proportional to the binding free energy (BFE) between the RBD of each strain and the ACE2 expressed by the host cell \[[@bb0050],[@bb0060], [@bb0065], [@bb0070], [@bb0075]\]. Therefore, the assessment of BFE changes following mutations is vital for the understanding of SARS-CoV-2 infectivity evolution.

It is challenging to rigorously measure the relative viral infectivities of two dangerous viruses by experiments when one of them is evolving. There is a discrepancy in the literature about the relative S protein-ACE2 binding free energies of SARS-CoV and SARS-CoV-2. Wrapp *et al.* and Shang *et al.* reported that SARS-CoV-2 has a higher BFE than SARS-CoV does \[[@bb0080],[@bb0085]\], whereas Walls *et al.* argued that SARS-CoV-2 and SARS-CoV bind with similar free energies to ACE2 \[[@bb0060]\].

The first SARS-CoV-2 genome reported on January 5, 2020 \[[@bb0030]\] has about 80% sequence identity with that of SARS-CoV. However, compared with SARS-CoV, SARS-CoV-2 S protein has 725 mutations over its 1255 residues. Their sequence identity is only 76%. Among 725 mutations on SARS-CoV-2 S protein, 89 were on the RBD, which has a total of 194 residues, suggesting that the RBD is subject to more mutations. Our recent studies using over 15,000 genome samples show that SARS-CoV-2 S protein is among the most non-conservative ones in its genome \[[@bb0025]\]. Since early January 2020, hundreds of new mutations were found on different residue positions of SARS-CoV-2 S protein. Many of them are located on the RBD \[[@bb0025]\]. The existence of so many different S protein mutations indicates that there are many different SARS-CoV-2 subtypes that might have very different infectivities. Obviously, the relatively high mutation rate at the RBD poses a real threat to the occurrence of future SARS-CoV-2 strains that might be more infectious than the current SARS-CoV-2.

The computational estimation of mutation-induced protein--protein BFE changes is an important approach for understanding the impact of mutations on protein--protein interactions (PPIs). A variety of advanced methods have been developed \[[@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115]\]. There are many standard databases available, including the AB-Bind database of mutation-induced antibody--antigen complex BFE changes \[[@bb0120]\] and SKEMPI for protein--protein BFE changes upon mutation (∆∆*G*) \[[@bb0125],[@bb0130]\]. These databases have been used as benchmarks for evaluating the predictive power of various computational methods \[[@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115]\]. To simplify the structural complexity of PPI complexes, we have recently introduced element-specific and site-specific persistent homology, a new branch of algebraic topology \[[@bb0135],[@bb0140]\], to embed molecular mechanisms into topological invariants \[[@bb0145]\]. This approach was paired with a new deep learning algorithm called NetTree, to combined convolutional neural networks and gradient boosting trees. The resulting method, called TopNetTree, was about 22% better than the previous best result for the AB-Bind dataset and significantly outperformed the state-of-the-art in the literature on the SKEMPI database \[[@bb0145]\].

The objective of this work is 3-fold. First, we apply the TopNetTree to analyze the impacts of existing S protein RBD mutations on the BFE of the S protein and the ACE2. Since different SARS-CoV-2 subtypes have different mutation patterns, it is important to understand their mutation impacts accordingly. We carry out our analysis based on existing six mutation clusters \[[@bb0025]\], though more specific analysis can be easily done as well. Additionally, it is also extremely important to know whether future SARS-CoV-2 subtypes would pose an imminent danger to public health. To this end, we have conducted a systematic screening of all possible 3,686 future mutations on all 194 residues (residue IDs from 333 to 526 on S protein) on the RBD. We classify these mutations into three categories: the most likely ones that would happen by a single mutation at any one of three constitutive nucleotides; the likely mutations that would occur *via* two concurrent mutations at three constitutive nucleotides; and the unlikely mutations that would produce through three concurrent mutations at all of three constitutive nucleotides. Finally, we analyze how existing mutations on the RBD of the SARS-CoV-2 S protein with respect to SARS-CoV have changed its infectivity.

Results {#s0010}
=======

Impacts of existing RBD mutations {#s0015}
---------------------------------

### Global analysis {#s0020}

To investigate the influences of existing S protein RBD mutations on BFE of S protein and ACE2, the 24715 complete SARS-CoV-2 genome samples deposited at GISAID \[[@bb0150]\] are compared with the first genome sequence of SARS-CoV-2 collected on January 5, 2020 \[[@bb0030]\]. The resulting 11904 single mutations are found in six distinct clusters as shown in [Table 1](#t0005){ref-type="table"} \[[@bb0025]\] and [Figure 1](#f0005){ref-type="fig"} . There are 725 existing non-degenerated mutations on SARS-CoV-2 S protein. Among them, 89 mutations occurred on the RBD, which are relevant to the binding of SARS-CoV-2 S protein and ACE2. Furthermore, 52 out of 89 mutations are on the receptor-binding motif (RBM), i.e., the region of RBD that is in direct contact with the ACE2.Table 1The cluster distributions of samples (*N*~NS~) and total mutation counts (*N*~TF~) for 17 countries \[[@bb0025]\]Table 1Cluster ICluster IICluster IIICluster IVCluster VCluster VICountry*N*~NS~*N*~TF~*N*~NS~*N*~TF~*N*~NS~*N*~TF~*N*~NS~*N*~TF~*N*~NS~*N*~TF~*N*~NS~*N*~TF~US117113,72560341543092937299623,445310201411918744CA3837327235383591057897345444265AU188224745240721731562189135315279589604UK135314,667148510,140336233,196257216013318074426IS1411989474898707148214788415127ES5549316111924539254313885026CN8692109443311731150129DE221712512143369442982211000FR282841455121051098087446500IN3133834239269813114772821012675200RU86823212210419723017100BE10897879356201193964491229137613SA1412696117161101713300IT41687810432304004723200JP9792439982061858181342313900TR41385283393733521732000KR004827200000000[^1]Figure 1The scatter plot of six distinct clusters in the world. The light blue, dark blue, green, red, pink, and yellow represent Cluster I, Cluster II, Cluster III, Cluster IV, Cluster V, and Cluster VI, respectively. The color of the dominated cluster decides the base color of each country. The world map is generated by the Highcharts.Figure 1

We examine the BFE changes following the existing site-specific mutations. Our studies are based on the X-ray crystal structure of SARS-CoV-2 S protein and ACE2 (PDB 6M0J) \[[@bb0155]\] (see Figure S1), whose S protein gene sequence is consistent with that of the reference SARS-CoV-2 \[[@bb0030]\]. The BFE change following mutation (∆∆*G*) is defined as the subtraction of the BFE of the mutant from the BFE of wild-type, ∆∆*G* = ∆*G* ~W~ − ∆* G* ~M~, where ∆*G* ~W~ is BFE of the wild-type and ∆*G* ~M~ is BFE of mutant type. Therefore, a positive BFE change means that the mutation increases free energy of the binding complex, making the virus more infective.

We present the overall BFE changes ∆∆*G* of SARS-CoV-2 S protein RBD in [Figure 2](#f0010){ref-type="fig"} . Most mutations have small changes in their binding free energies, while some of them have large changes. There are 54% mutations on the RBD having positive BFE changes (i.e., 48 over 89), including N439L and S477N that have the highest frequencies. This statistic implies that the evolution of SARS-CoV-2 is mostly driven by selection and COVID-19 evolves toward more infectious. It is noted that many mutations on the RBM, such as N439K, L452R, T478I, and E484D, have significant free energy changes. The mutations on the RBM take 58% (52 over 89) of all mutations on the RBD, which potentially increases the complexity of antiviral drug and vaccine development. This global analysis indicates that mutations on the RBD strengthen the binding of S protein and ACE2, leading to more infectious SARS-CoV-2.Figure 2Overall BFE changes ∆∆*G* on the RBD. The blue color region marks the BFE changes on the RBM. The height of each bar indicates the predicted ∆∆* G*. The color indicates the occurrence frequency in the GISAID genome dataset.Figure 2

We hypothesize that natural selection favors those mutations that enhance the viral transmission and if our predictions are correct, the predicted infectivity strengthening mutations will outpace predicted infectivity weakening mutations over time. [Figure 3](#f0015){ref-type="fig"} illustrates the increase in the frequency of each mutation on the SARS-CoV-2 S protein RBD. The red and blue lines represent the mutations that strengthen and weaken the infectivity of SARS-CoV-2, respectively. In the first 2 months, only a few infectivity-strengthening mutations were detected on the S protein RBD. Later on, a few infectivity-weakening mutations gradually appeared, while more infectivity-strengthening mutations occurred. It is interesting to note that overall, infectivity-strengthening mutations grow faster than infectivity-weakening mutations, which also reveals that SARS-CoV-2 subtypes having infectivity-strengthening mutations are able to infect more people. Specifically, frequencies of S477N, N439K, V483A, and V367F are higher than those of other mutations, indicating these mutations have a stronger transmission capacity.Figure 3The time evolution of 89 SARS-CoV-2 S protein RBD mutations. The red lines represent the mutations that strengthen the infectivity of SARS-CoV-2 (i.e., ∆∆* G* is positive), and the blue lines represent the mutations that weaken the infectivity of SARS-CoV-2 (i.e., ∆∆* G* is negative). Many mutations overlap their trajectories. Here, the collection date of each genome sequence that deposited in GISAID is applied.Figure 3

The SARS-CoV-2 genotypes are clustered into six clusters or subtypes based on their single nucleotide polymorphism variants \[[@bb0025]\]. Accordingly, a more detailed analysis of mutation impacts on the BFE changes can be carried out on each cluster, which reveals the diversity of COVID-19 infection rates and provides evidence for transmission pathways and spread dynamics across the world.

It is worth noting that residue 414 has three mutations, namely, Q414P, Q414E, and Q414R, due to mutations at two adjacent nucleotides 22802 and 22803: 22803A *\>* C, Q414P; 22802C *\>* G, Q414E; and 22803A *\>* G, Q414R. At the protein level, some or all of these mutations show up in different clusters. Similarly, each of residues 354 and 521 has two existing mutations.

### Cluster I analysis {#s0025}

[Figure 4](#f0020){ref-type="fig"} depicts the BFE changes ∆∆*G* of Cluster I. There are 47 mutations on Cluster I, where 20 mutations happen in RBM. Particularly, mutation S477N has a higher frequency of 18 and a positive free energy changes. Other two mutations, N439K and P479S, which have slightly higher frequencies, 11 and 12, and large free energy change amplitudes, attained positive and negative BFE changes, respectively. Cluster I has a slightly increase in its infectivity. Cluster I is associated with COVID-19 in most countries except for South Korea \[[@bb0025]\].Figure 4Cluster I. Left: BFE changes ∆∆*G* induced by mutations in Cluster I. Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 4

### Cluster II analysis {#s0030}

[Figure 5](#f0025){ref-type="fig"} illustrates the BFE changes following the mutations of Cluster II. As shown in the figure, there are many mutations on the RBD. However, most mutations are associated with small free energy changes. When only considering the absolute value of BFE changes greater than or equal to 0.5 kcal/mol, seven mutations have positive BFE changes, whereas four mutations have negative BFE changes. Mutation D364Y has the highest frequency and the highest positive free energy change, indicating the increase in infectivity. Overall, Cluster II has a minor increase in infectivity. Note that Cluster II COVID-19 is found in every country that has submitted SARS-CoV-2 genome samples.Figure 5Cluster II. Left: BFE changes ∆∆*G* induced by mutations in Cluster II. Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 5

### Cluster III analysis {#s0035}

From [Figure 6](#f0030){ref-type="fig"} , a slightly increasing trend of BFE is observed such that the largest change is positive while the second largest change is negative. Notice that mutation S477N is observed increasing of its frequency in [Figure 3](#f0015){ref-type="fig"}. Interestingly, mutation T478I changes from amino acid with polar uncharged side chains, Threonine, to an amino acid with hydrophobic side chain, Isoleucine, which significantly decreases free energy between the S protein and the ACE2 receptor. Another observation is that mutations that happened in the same residues have similar BFE changes such as P384L and P384S, S477R and S477N, or Q414P and Q414R. Cluster III has a minor increase in infectivity. This cluster involves genome samples from all countries except for South Korea. Notably, most Cluster III samples were submitted by the UK.Figure 6Cluster III. Left: BFE changes ∆∆*G* induced by mutations in Cluster III.Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 6

### Cluster IV analysis {#s0040}

[Figure 7](#f0035){ref-type="fig"} shows the BFE changes of mutations in Cluster IV. Among all mutations in Cluster IV, mutation L452R has the largest free energy change and directly connects the ACE2 receptor. The most frequent mutation of negative change, Q414E, has the BFE change ∆∆*G* is −0.055 kcal/mol, which is negligible compared with others. The overall trend of this cluster is considered as significantly increasing the COVID-19 infectibility. Note that most genome samples in Cluster IV were submitted by the US.Figure 7Cluster IV. Left: BFE changes ∆∆*G* induced by mutations in Cluster IV.Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 7

### Cluster V analysis {#s0045}

[Figure 8](#f0040){ref-type="fig"} presents the BFE changes in the fifth cluster. Eight of 16 mutations have positive free energy changes. Interestingly, the mutation, N439K, which has the second highest frequency among all clusters, also has the largest BFE change in Cluster V. In [Figure 3](#f0015){ref-type="fig"}, it indicates that this mutation happens rapidly from Apr 3 to Apr 13. Moreover, most samples in this cluster were submitted from the US. It can be considered that Cluster V and N439K play a vital role in virus spreading in the US. This cluster is considered as significantly increasing in its infectibility.Figure 8Cluster V. Left: BFE changes ∆∆*G* induced by mutations in Cluster V. Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 8

### Cluster VI analysis {#s0050}

The BFE changes in the last cluster are shown in [Figure 9](#f0045){ref-type="fig"} . Obviously, most mutations on Cluster VI have enhanced the BFE of the S protein and ACE2 receptor except A344S and G476S. The most significant positive free energy change is caused by mutation V367F. Overall, Cluster VI has strengthened infectivity. This cluster involves genome samples submitted from all countries except for Japan and South Korea. The US has submitted most samples. Cluster VI is a new cluster of SARS-CoV-2, and its mutations have relatively low frequencies.Figure 9Cluster VI. Left: BFE changes ∆∆*G* induced by mutations in Cluster VI. Right: mutation locations on the SARS-CoV-2 S protein RBD.Figure 9

In summary, three of six SARS-CoV-2 clusters, Clusters I, II, and III, have slightly increase infectivity, while other three clusters, IV, V, and VI, have become significantly more infectious. Please note that SARS-CoV-2 is evolving and its clustering is changing over time. As a result, the mutation pattern in each cluster changes too. However, the general tendency does not change: the evolution of SARS-CoV-2 makes it more infectious by adapting mutations that increase the BFE with the ACE2 receptor.

Impacts of most likely future RBD mutations {#s0055}
-------------------------------------------

In this section and the next section, we analyze the impacts of all of 3686 possible mutations on 194 residues of the S protein RBD. On each amino acid, we classify all 19 possible mutations into most likely future mutations, likely future mutations, and unlikely future mutations. Here, most likely, likely, and unlikely future mutations are defined by the protein mutations induced by only one, simultaneous two, and simultaneous three of genetic changes on three underlying nucleotides on a codon. Based on the codon analysis of all 194 amino acid residues on the RBD, we have 1149 most likely, 1912 likely, and 625 unlikely mutations. We note that the above definitions include existing mutations.

We compute the ∆∆*G*s following most likely future mutations on the RBD. [Figure 10](#f0050){ref-type="fig"} depicts 20 most likely future mutations that can have high adversarial impacts on COVID-19 infectivity. First, it is noted that mutation Y495N on the RBM has the highest free energy change and if it occurs, it will make the virus significantly more infectious. Additionally, mutation Y489H on the RBM would incur another large infectivity strengthening. It is worthy to note that residue 489 is a potentially hot spot, where five possible mutations, Y489H, Y489D, Y489F, Y489C, and Y489N, will lead to the strengthened S protein-ACE2 binding. The other potentially hot spot is residue 423 with Y423C, Y423F, and Y423S being infectivity-strengthening mutations. Residue 452 on the RBM has been proven to be a hot spot as it already has had an existing mutation L452R (see [Figure 7](#f0035){ref-type="fig"}) and another infectivity strengthening mutation, L452P. In general, the highest free energy changes are due to mutations on the RBM. However, mutations away from the RBM can have a considerable impact on the infectivity as well.Figure 10Top 20 most likely future mutations that will strengthen the SARS-CoV-2 infectivity. Left: BFE changes ∆∆*G*. Right: mutations on the RBD. Red color indicates mutations on the RBM and blue color indicates mutations away from the RBM.Figure 10

The above analysis considers only BFE strengthening mutations. To have a global view of how future mutations would change the COVID-19 infectivity, we analyze the general trend of the free energy changes of most likely mutations according to 400 possible mutation types. The ∆∆*G* values following mutations on each amino acid are predicted and averaged by their mutation types. [Figure 11](#f0055){ref-type="fig"} shows the average and variance of ∆∆*G* (kcal/mol) of each mutation type for most likely mutations on the RBD. Here, *y*-axes stand for wild-type residues, and *x*-axes are mutant type residues. The colors on the axes are the residue types, namely, charged, polar uncharged, hydrophobic, and special cases. The colors in the heat maps indicate the BFE changes strengths and directions. It is worthy to note that there are more positive BFE changes (green cubes) than negative changes (pink cubes) on the heat map, showing a trend of more infectious COVID-19 strains due to most likely future mutations. For example, if a wild-type mutation takes place from wide type K, T, N, Q, L, F, or Y to any other residue type except for W, it will end up with a more infectious COVID-19 strain. However, mutations from R to T, or from A to many other residue types might lead to a less infectious COVID-19. The large values on the variance map indicate where the above average values might not be reliable. It is seen that the variances are general small. [Figure 12](#f0060){ref-type="fig"} shows a similar trend for the most likely mutations away from the RDM.Figure 11An illustration of the average and variance of ∆∆*G* (kcal/mol) for most likely mutation types on the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 11Figure 12An illustration of the average and variance of ∆∆*G* (kcal/mol) for most likely mutation types away from the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 12

Impacts of likely and unlikely future RBD mutations {#s0060}
---------------------------------------------------

As discussed above, likely and unlikely future mutations require two and three concurrent nucleotide mutations on each codon to happen, respectively. [Figure 13](#f0065){ref-type="fig"} presents the top 20 likely future mutations that will strengthen the COVID-19 infectivity. The most energetic adversarial mutation is Y505G. Note that residue 505 has a most likely mutation Y505H shown in [Figure 10](#f0050){ref-type="fig"}. Therefore, residue 505 is a potentially hot spot on the RBM. The next few energetic adversarial mutations are away from the RBM. Among them, N423P and N422G are hot-spot mutations. [Figure 10](#f0050){ref-type="fig"} shows that residue 423 has three most likely energetic mutations while in [Figure 13](#f0065){ref-type="fig"}, it has the other three likely energetic mutations. Similarly, residue 489 on the RBM has five most likely energetic mutations (see [Figure 10](#f0050){ref-type="fig"}) and four likely energetic mutations as shown in [Figure 13](#f0065){ref-type="fig"}. It is on our top surveillance list for the next generation of infectious COVID-19 strains. Another potentially hot spot is residue 495. [Figure 14](#f0070){ref-type="fig"} shows the average and variance of ∆∆*G* (kcal/mol) of all likely mutations on the RBM where values of most likely mutations and unlikely mutations are excluded. About the same amount of mutations has positive and negative BFE changes. In [Figure 15](#f0075){ref-type="fig"} , similar results are shown for the RBD, excluding the RBM. Interestingly, mutations on the RBM have larger magnitude changes rather than out of this region for second potential mutations. It again shows that RBM is the most important region to study.Figure 13Top 20 likely future mutations that will strengthen the COVID-19 infectivity. Left: BFE changes.∆∆*G*. Right: mutations on the RBD. Red color indicates mutations on the RBM and blue color indicates mutations away from the RBM.Figure 13Figure 14An illustration of the average and variance of ∆∆*G* (kcal/mol) for likely mutation types on the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 14Figure 15An illustration of the average and variance of ∆∆*G* (kcal/mol) for likely mutation types away from the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 15

[Figure 16](#f0080){ref-type="fig"}, [Figure 17](#f0085){ref-type="fig"} show the predictions of free energy changes due to unlikely mutations. These mutations have a balanced positive and negative BFE changes. We do not expect these mutations to occur in the near future.Figure 16An illustration of the average and variance of ∆∆*G* (kcal/mol) for unlikely mutation types on the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 16Figure 17An illustration of the average and variance of ∆∆*G* (kcal/mol) for most likely mutation types away from the RBM. *y*-axes: wild-type residues; *x*-axes: mutant type residues. Colors on the axes indicate residue types.Figure 17

Discussion {#s0065}
==========

Conservation analysis *via* sequence alignment {#s0070}
----------------------------------------------

To further understand the evolutionary trend and potential infectivity changes of the COVID-19, we carry out S protein sequence alignment analysis to analyze residue conservativeness. [Figure 18](#f0090){ref-type="fig"} presents the alignment analysis of SARS-CoV-2 S protein sequence and those of the other four closely related species, namely, SARS-CoV \[[@bb0160]\], bat coronavirus RaTG13 \[[@bb0165]\], bat coronavirus BM48-31 \[[@bb0170]\], and bat coronavirus CoVZC45 \[[@bb0175]\]. We note that among the residues we discussed in the last section, 414, 422, 423, 492, and 495 are very conservative. They have not undergone any mutations among five related species, although 414 has three confirmed mutations with small BFE changes as shown in [Figure 2](#f0010){ref-type="fig"}. In contrast, RBM residues 452, 489, 500, 501, and 505 have a history of mutations and are non-conservative. Therefore, the predicted infectivity-strengthening mutations on these residues are more likely to happen.Figure 18Sequence alignments of SARS-CoV-2 S protein with those of closely related species, including SARS-CoV \[[@bb0160]\], bat coronavirus RaTG13 \[[@bb0165]\], bat coronavirus BM48--31 \[[@bb0170]\], and bat coronavirus CoVZC45 \[[@bb0175]\]. Detailed numbering is given according to SARS-CoV-2. Residue 364 Ala (A) of bat coronavirus BM48--31 is omitted.Figure 18

Relative infectivity change analysis for SARS-CoV and SARS-CoV-2 {#s0075}
----------------------------------------------------------------

As mentioned earlier, there are inconsistent assessments about relative infectivities between SARS-CoV and SARS-CoV-2 in the literature \[[@bb0060],[@bb0080],[@bb0085]\]. Our validated computational method can be employed to resolve this discrepancy. Based on the sequence alignment shown in [Figure 18](#f0090){ref-type="fig"}, we conduct BFE change calculations for all relevant mutations on the SARS-CoV S protein RBD. [Figure 19](#f0095){ref-type="fig"} illustrates the S protein-ACE2 BFE changes following the mutations from SARS-CoV to SARS-CoV-2. The SARS-CoV S protein and ACE2 complex 3D0G \[[@bb0180]\] is used as the wide type in our predictions. It is interesting to note that overall, there are more infectivity-strengthening mutations than infectivity-weakening mutations on the RBD. This is particularly true for mutations on the RBM. This result indicates that the SARS-CoV-2 sample collected on January 5, 2020 \[[@bb0030]\], is slightly more infectious than SARS-CoV found in 2003 \[[@bb0160]\]. This is consistent with experimental results that the binding free energies of ACE2 with the spike proteins of SARS-CoV-2 and SARS-CoV are 1.2 and 5.0 nM, respectively \[[@bb0060]\].Figure 19Overall BFE changes ∆∆*G* on the S protein RBD from SARS-CoV to SARS-CoV-2. The blue color region marks the BFE changes on the RBM. The height of each bar indicates the predicted ∆∆*G*. Residues are labeled according to PDB ID [3D0G](pdb:3D0G){#ir0005} \[[@bb0180]\].Figure 19

For a comparison between various SARS-CoV-2 subtypes and SARS-CoV of 2003, our results indicate that SARS-CoV-2 in all clusters is more infectious than SARS-CoV.

Compared with SARS-CoV, SARS-CoV-2 has four extra residues, i.e., PRRA from 681 to 684, as shown in [Figure 18](#f0090){ref-type="fig"}. It is believed that these extra residues might change SARS-CoV-2\'s behavior in ACE2 assisted entry of host cells \[[@bb0060]\]. However, this speculation has no qualitative nor quantitative validation at present. Experiments show that S protein mutation D614G also has made SARS-CoV-2 more infectious \[[@bb0045]\].

Materials and Methods {#s0080}
=====================

Sequences and structures {#s0085}
------------------------

Amino acid sequences and mutant data of the S protein used in the analysis were obtained from NCBI GenBank and GISAID \[[@bb0150]\]. After the first complete genome sequence of SARS-CoV-2 released on NCBI GenBank (accession number: NC 045512.2) \[[@bb0030]\], there has been a large number of genome sequences. Other sequences from GenBank are as follows: bat coronavirus RaTG13 (MN996532.1) \[[@bb0165]\], bat coronavirus BM48-31 (NC 014470.1) \[[@bb0170]\], and bat coronavirus CoVZC45 (MG772933.1) \[[@bb0185]\]. The mutant information of 15140 whole-genome sequences of S protein with high coverage of SARS-CoV-2 strains from the infected individuals around the world was obtained from the GISAID database \[[@bb0150]\] (<https://www.gisaid.org/>). Data without the exact submission date in GISAID were not considered. Sequence analysis and k-means clustering were described in detail elsewhere \[[@bb0025]\].

Beta-CoV S protein structures were obtained from the RCSB Protein Data Bank: SARS-CoV RBD with ACE2 (PDB 3D0G) \[[@bb0180]\] and SARS-CoV-2 RBD with ACE2 (PDB 6M0J) \[[@bb0155]\]. The structures were presented by using PyMOL \[[@bb0190]\]. Sequences alignments were performed on SARS-CoV-2 S protein sequences by using MAFFT v7.388 \[[@bb0185]\] and on SARS-CoV-2 genome by using the Clustal Omega multiple sequence alignment with default parameters \[[@bb0195]\].

TopNetTree model for PPI BFE changes upon mutation {#s0090}
--------------------------------------------------

The topology-based network tree (TopNetTree) was constructed by an innovative integration between the topological representation and NetTree for predicting PPI BFE changes following mutation ∆∆*G* \[[@bb0145]\]. In this work, TopNetTree is applied to predict the BFE changes of mutations that happened on the RBD with ACE2 of SARS-CoV-2 after January 5, 2020. As shown in Figure S1, topology-based feature generation is the first step followed by a convolutional neural network-assisted model. The topological representation uses element- and site-specific persistent homology to simplify the structural complexity of protein--protein complexes and encode vital biological information into topological invariants \[[@bb0200]\]. NetTree is a recently developed deep learning algorithm that integrates the advantages of convolutional neural networks and gradient-boosting trees \[[@bb0145]\]. Details of the method can be found in the literature \[[@bb0145]\]. New parametrization and validation are given in the Supporting Material.

Conclusion {#s0095}
==========

The infectivity of SARS-CoV-2 is a vital factor for preventive measurements against COVID-19 and reopening the global economy \[[@bb0060],[@bb0080],[@bb0085]\]. However, it is very challenging to rigorously determine the viral infectivity of all SARS-CoV-2 substrains experimentally. These challenges are deteriorated by the continuous evolution of SARS-CoV-2 due to its over 10,000 single nucleotide polymorphisms variants in various distinct clusters \[[@bb0025]\]. In the present work, we employ an advanced TopNetTree method based on algebraic topology and deep learning to predict the spike glycoprotein (S protein) and the host ACE2 receptor BFE changes induced by mutations. Based on BFE changes, we reveal that mutations have made all clusters of SARS-CoV-2 more infectious than the original virus found in Wuhan \[[@bb0030]\]. Additionally, based on sequence alignment and mutation-induced BFE changes, we show that SARS-CoV-2 \[[@bb0030]\] is slightly more infectious than SARS-CoV found in 2003 \[[@bb0160]\]. This result is consistent with experiments \[[@bb0060]\]. Finally, we systematically compute the BFE changes of all possible 3686 future mutations to unveil that the most likely mutations will further strengthen SARS-CoV infectivity. Based on sequence alignment, probability estimation, and BFE analysis, we predict that residues 452, 489, 500, 501, and 505 on the RBM have high chances to mutate into significantly more infectious COVID-19 strains.
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Supplementary Materials are available for S1: The new parameterization and validation of the TopNetTree model and S2: Supplementary tables for the results in figures.Image 1
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